A hallmark of tumour invasion is breakdown of the extracellular matrix due to dysregulation of the matrix metalloproteinase (MMP) system. While our understanding of how this is regulated by kinase signalling pathways is well established, its counterregulation by protein phosphatases (PP) is poorly understood. Therefore, we investigated the effect of PP inhibition on markers of extracellular remodelling and how PP2A activity modulated MMP-9 abundance and function of Hep3B cells.
Introduction
Hepatocellular carcinoma (HCC) is the third most common cause of death from cancer in the world (El-Serag, 2011) . Despite advances in its diagnosis and treatment, the prognosis is dismal. Aetiologically, more than 78% of patients who develop HCC have pre-existing liver cirrhosis due to chronic inflammation as a consequence of hepatitis, alcohol abuse or non-alcoholic fatty liver disease (Perz et al., 2006) .
Within a tumour, inflammatory mediators, including cytokines, chemokines, growth and transcription factors and enzymes such as the MMPs and their associated tissue inhibitors (TIMP) cooperate to create a micro-environment conducive to tumour growth and invasion (Kessenbrock et al., 2010) . A recognized hallmark of invasion is the proteolytic breakdown of the extracellular matrix (ECM) through dysregulation of the matrix metalloproteinase system (Hanahan and Weinberg, 2011; Bonnans et al., 2014) . In addition to MMP-9 (El Samanoudy et al., 2014), MMP-2, MMP-13, TIMP-1 and TIMP-3 are also involved (Altadill et al., 2009; Gu et al., 2014) . Interestingly, their effects are not limited to degradation of the ECM. For example, MMP-9 modulates the innate immune response to tumours, facilitating both proliferation and regression of tumour cells (Demers et al., 2005; Leifler et al., 2013) , while MMP-14 and TIMP-1 are implicated in development of chemoresistance in glioblastoma and breast cancer cell lines (Hekmat et al., 2013; Pratt and Annabi, 2014) . Interestingly, MMP-2 and MMP-9 facilitate release of pro-metastatic factors like VEGF-A, TGF-β, TNF-α and IL-8 (Wang et al., 2005; Kessenbrock et al., 2010) . Other members of the superfamily of metalloproteinases, a disintegrin and metalloproteinase (ADAM), also 'shed' receptor ligands involved in cancer and inflammatory processes; ADAM-17 catalyses the release of TNF-α, while ADAM-10 releases certain EGFR ligands (Sahin et al., 2004; Duffy et al., 2009) .
A key molecular driver underpinning ECM degradation and release of pro-metastatic factors is over-activation of ERK, MEK and p38 MAP kinase-dependent signalling pathways (Chin et al., 2007; He et al., 2008) or a reduction in activity of counter-regulatory phosphatases (Stebbing et al., 2014) . Within the latter family, serine/threonine protein phosphatases form a major subfamily, which includes phosphoprotein phosphatase type I (PP1) and type 2A (PP2A). These catalyse approximately 90% of all serine/threonine dephosphorylation events in cells (Haystead et al., 1989) and are regulated by endogenous protein inhibitors such as cancerous inhibitor of PP2A (CIP2A) and protein SET (SET) (Neviani et al., 2005; Junttila et al., 2007) . In HCC, CIP2A and SET are overexpressed promoting cell proliferation, conferring drug resistance and are associated with poor clinical outcomes (He et al., 2012; Yu et al., 2013; Hung et al., 2016) .
While our understanding of how kinases regulate cell motility, ECM degradation and subsequent migration are well established; less is known on the role of protein phosphatases. In particular, little is known on how protein phosphatases control the MMP system. Previous work from our group has shown knockdown of the catalytic subunit of PP2A by siRNA did not mimic the MMP-9 response to okadaic acid (OA) in murine fibroblasts (Rietz et al., 2012) . This may be explained by non-selective inhibition of PP2A, as OA can also inhibit PP1, PP4, PP6 and PP2B or could be a consequence of indirect phosphorylation of Cdc25, histone H1, PKA, PKB, PKC and Iκ-B kinases (Heilker et al., 1999; Swingle et al., 2007) . Nevertheless, the role of other phosphoprotein phosphatases (PP2B and PP1) and CIP2A in regulation of the MMP system and other modulators of ECM remodelling remains to be established in HCC.
Therefore, the aims of the present study were to (1) investigate if pharmacological inhibition of PP1, PP2A and PP2B altered expression of the MMP system and other markers of ECM remodelling; (2) establish protein phosphatase subunit involvement in MMP-9 regulation and the requirement for NF-κB and/or AP-1 binding motifs; (3) ascertain if overexpression of CIP2A modulated MMP-9 abundance; and (4) examine if inhibition of PP2A altered cell invasion.
Methods

Cell culture
Human epithelial HCC (Hep3B), human HCC (Huh-7) cells and human hepatic stellate (LX-2) cells were cultured in DMEM supplemented with 10% fetal bovine serum, antibiotics (100 U·mL À1 penicillin and 100 mg·mL 
Semi-quantitative real-time PCR
Cells were grown in 24-well plates (4 × 10 4 cells per well) and total RNA isolated using TRI Reagent TM (Sigma Aldrich). Following treatment with DNase I (Sigma Aldrich), RNA was reverse transcribed using random hexamers and ReverseAid reverse transcriptase (Thermofisher, Dublin, Ireland). mRNA expression was analysed by semi-quantitative PCR using target specific primers (Table 1) and Agilent Brilliant III SYBR green on a M×3000P qPCR system (Agilent Technology, Cork, Ireland). Gene expression was quantified using the comparative Ct method. For each primer pair, a no template control and no RT control was included. Authenticity of the primer sequences was verified by nucleotide search (Primer-BLAST; NCBI).
Gelatin zymography
MMP-9 and MMP-2 activity were measured by gelatin zymography. In brief, conditioned media denatured in a non-reducing Laemmli sample buffer (250 mmol·L
À1
Tris-HCl, pH 6.8, 0.1% bromophenol blue, 0.1% phenol red, 50% glycerol, 5% Ficoll 400 and 5% lithium dodecyl sulphate; final concentrations) was loaded onto 8% SDSpolyacrylamide gels co-polymerized with gelatin (0.1% w/v). Following electrophoresis, gels were washed in 2.5% Triton X-100 and incubated for 24 h at 37°C in development buffer (50 mmol·L À1 Tris-HCl, 10 mmol·L À1 CaCl 2 , 50 mmol·L
NaCl, pH 7.6). Gels were stained with 0.25% (w/v) Coomassie blue R-250 in a glacial acetic acid : methanol : distilled H 2 O mixture (1:3:6). Following destaining, gels were imaged, and lytic activity was quantified by densitometry using a Fusion Fx imaging system. To test for non-specific protease activity, identical gels were incubated in either the standard 
Overexpression of CIP2A
To assess the effect of overexpression of CIP2A on MMP-9 activity and invasion potential, Hep3B cells were seeded (2 × 10 5 cells per well) in 6-well plates and 24 h later transiently transfected with 1 μg of pcDNA3.1_CIP2aflag_WT plasmid (pCIP2A) or a pcDNA.3.1 (pDNA.3.1) control plasmid using PolyFect (Qiagen) in serum and antibiotic free DMEM. CIP2A overexpression was confirmed 24 and 48 h post-transfection by qPCR and Western blot respectively. The effect of overexpression of CIP2A on MMP-9 abundance and activity was determined in conditioned media 48 h post-transfection using ELISA and gelatin zymography. Plasmid stocks were generated in TOP10 Escherichia coli (transformation efficiency of 1.6 × 10 7 cfu·μg À1 DNA) and purified using a PureYield TM Plasmid Midiprep System (Promega, Kilkenny, Ireland).
Confirmation of CIP2A overexpression by Western blot analysis
Protein samples (10-20 μg) were boiled in Laemmli buffer supplemented with 2-β-mercaptoethanol (1% v/v). The samples were subjected to SDS-PAGE (10% gel) and semi-dry transferred onto PVDF membrane (Amersham, Buckinghamshire, UK). Membranes were blocked for 2 h in TBS-T (Tris-HCl 10 mmol·L À1 , NaCl 100 mmol·L À1 , pH 7.4
and Tween-20 0.1% v/v) containing 5% w/v Marvel and 
MMP-9 reporter assay
Hep3B cells were transfected with the full length pGL3-MMP9 1285 -Luc plasmid (400 ng per well) or mutated counterparts (pGL3-MMP9/NF-κB (À600) -Luc, pGL3-MMP9/ AP-1 (À79) -Luc or pGL3-MMP9/AP-1 (À533) -Luc) in conjunction with pRL-CMV (1 ng; internal standard) using PolyFect (Qiagen). Cells were subsequently exposed to OA (40 nmol·L À1 ) or media for 24 h, before being harvested and lysed. Firefly and Renilla luciferase activity was evaluated using a Dual-Luciferase Reporter Assay System (Promega).
MMP-9 ELISA
The effect of OA, silencing of PPP2CA by siRNA and overexpression of CIP2A on MMP-9 abundance, was determined in conditioned media using ELISA following the Table 2 List of dicer siRNA used in this study along with their sequences
Duplex name Sequence
vendor's protocol (Quantikine/DuoSet; R&D Systems, Abingdon, UK). Culture media was reserved 24 h post-drug exposure and at 48 h post-transfection. All samples were stored at À80°C until required. 
Cell invasion assays
Data and statistical analysis
The data and statistical analysis in this study comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) . Data are expressed as mean ± SEM. All data were normalized to the appropriate control and expressed as either an absolute value, a percentage or ratio, with the exception of the MMP-9 reporter data, which was expressed as the ratio of firefly luciferase to Renilla luciferase activity normalized to control (media) or pGL3-MMP9 1285 -Luc promoter activity as appropriate. Cell invasion assays were evaluated using ImageJ software (Schneider et al., 2012 
Results
Effect of protein phosphatase inhibitors on cell viability and mRNA profile
Exposure to OA or tautomycetin for 24 h did not alter cell viability over the concentration range 0.1-100 nmol·L À1 .
However, cyclosporin A decreased cell viability at a concentration of 66 nmol·L À1 (45%) and higher (data not shown).
The effect of pharmacological inhibition of PP1 (tautomycetin), PP2A (OA) and PP2B (cyclosporin A) on a panel of markers representing extracellular matrix modulators, inflammation/growth factor releasers and transcription factors (Table 1) was screened by qPCR. With regard to the extracellular matrix modulators, OA (40 nmol·L À1 ) increased expression of MMP-9 and TIMP-1 mRNA in Hep3B cells (Table 3 ). In LX-2 cells, MMP-9 expression was increased, while that of TIMP-1 decreased (Table 3) . MMP-9 and TIMP-1 expressions were not altered by tautomycetin or cyclosporin A (10 nmol·L À1 ) in either cell line. In Hep3B and LX-2 cells, expressions of MMP-1, MMP-2, MMP-3, MMP-13, TIMP-2, TIMP-3 and TIMP-4 were unaltered by OA, tautomycetin and cyclosporin A at the concentrations studied. OA augmented IL-8 mRNA expression compared with control (Table 3) in Hep3B and LX-2 cell lines respectively; no effect on TGF-β1, IL-1β, ADAM-10, ADAM-15 or ADAM-17 was noted. None of the inflammation/growth factor releasers were altered by tautomycetin or cyclosporin A, irrespective of cell line. Of the three transcription factors studied, only JUN expression was increased by OA (Table 3) in Hep3B and in LX-2 cells. Tautomycetin and cyclosporin A did not modify mRNA expression of JUN, FOS or NF-κB1. To validate the positive hits, the effects of the phosphatase inhibitors were also assessed in a second HCC cell line, Huh-7 cells. MMP-9 and TIMP-1 mRNA expression was increased in these cells (Table 3) following exposure to OA. Similarly, OA increased IL-8 and JUN mRNA expression ( Table 3) . As in Hep3B and LX-2 cells, tautomycetin and cyclosporin A had no effect on expression of mRNA for MMP-9, TIMP-1, IL-8 or JUN, in Huh-7 cells.
On the basis of these data, subsequent experiments focussed on regulation of MMP-9.
Effect of protein phosphatase inhibitors on temporal expression of MMP-9
To ensure that tautomycetin and cyclosporin A did not have a transient effect on MMP-9 expression, the temporal response over 24 h was investigated. In Hep3B cells, OA (40 nmol·L À1 ) elicited a time-dependent increase in expression of MMP-9 mRNA that was detectable after 4 h and persisted for the remainder of the study period (P < 0.05; Figure 1 ). Although tautomycetin (10 nmol·L À1 ) caused a similar increase in MMP-9 expression (~1.4-fold) as OA, the response was transient, peaking at 4 h (P < 0.05; Figure 1 ), before quickly returning to baseline by 8 h and remaining stable thereafter. In contrast, cyclosporin A did not alter expression of MMP-9 mRNA over the 24 h time course.
Effect of protein phosphatase inhibitors on MMP-9 abundance and MMP-9 : TIMP-1 ratio OA (40 mmol·L À1 ) increased secreted MMP-9 abundance in Hep3B cells ( Figure 2A ) and in LX-2 cells (P < 0.05; Figure 2B ). Tautomycetin and cyclosporin A (10 nmol·L À1 ) had no effect on secreted MMP-9 abundance in either cell line studied. In Hep3B cells, OA increased TIMP-1 abundance in the conditioned media ( Figure 2C ). Interestingly, TIMP-1 levels decreased in conditioned media from LX-2 cells (P < 0.05; Figure 2D ). While OA had little effect on the MMP-9 : TIMP-1 ratio in Hep3B cells ( Figure 2E ), it was augmented in LX-2 cells ( Figure 2F ). Tautomycetin and cyclosporin A did not alter TIMP-1 abundance or the MMP-9 : TIMP-1 ratio in either cell line.
Effect of protein phosphatase inhibitors on PP2A activity and protein expression OA (40 mmol·L À1 ) decreased PP2A phosphatase activity by approximately 80% in Hep3B and Huh-7 cells (P < 0.05; Figure 3A , B). Tautomycetin (10 nmol·L À1 ) and cyclosporin A (10 nmol·L À1 ) had no effect on PP2A phosphatase activity in either cell line at the concentration studied at 24 h. On Figure 1 Temporal effect of OA (40 nmol·L À1 ), cyclosporin A (CSA; 10 nmol·L À1 ) and tautomycetin (TMC; 10 nmol·L À1 ) on MMP-9 mRNA expression determined by qPCR (comparative quantification) in Hep3B cells over 24 h. Data are normalized to baseline (mean ± SEM; n = 5). *P < 0.05, significantly different from T=0; two-way ANOVA with post hoc Dunnett's test. Effect of pharmacological inhibition of protein phosphatases on change in gene expression. Hep3B, LX-2 and Huh-7 cells were exposed to OA (40 nmol·L À1 ), cyclosporin A (10 nmol·L À1 ) and tautomycetin (10 nmol·L À1 ) for 24 h before the mRNA expression profile was determined by semiquantitative RT-PCR using SYBR green chemistry. Data are presented as fold change (mean ± SEM) and were analysed using Student's t-test. * indicates P < 0.05 (n = 5). NS, no significant fold change following exposure to the inhibitor.
investigating the OA response further, it was found that OA (40 mmol·L À1 ) did not alter PP2Ac abundance in either Hep3B or Huh-7 cells ( Figure 3C ). The effects of longer exposure (48 and 72 h) were not investigated as OA (40 mmol·L À1 ) decreased cell viability in Hep3B cells at the later time points (P < 0.05; Figure 3D ).
Role of binding sites for the transcription factors AP-1 and NF-κB on MMP-9 promoter activity
In Hep3B-transfected cells, mutation of the AP-1 (À79) but not AP-1 (À533) binding motif attenuated basal MMP-9 promoter activity by~55% compared with the p1285-luc (wild type) promoter construct (P < 0.05; Figure 4A , C). Similarly, mutation of the NF-κB (À600) binding site decreased basal promoter activity by~40% (P < 0.05; Figure 4A ). OA (40 nmol·L À1 ) increased p1285-luc MMP-9 promoter activity, compared with untreated cells ( Figure 4B ) at 24 h. Mutation of the AP-1 (À79) binding motif prevented OA-mediated induction of MMP-9 promoter activity, while mutation of the AP-1 (À533) binding motif reduced the response by 40% (P < 0.05; Figure 4B ). When the NF-κB (À600) binding site was mutated, the response to OA was similar to that in cells transfected with the p1285-luc (wild type) promoter ( Figure 4B ).
Effect of PP2A and PP1 subunit knockdown on MMP-9 activity
To ascertain PP2A and PP1 subunit involvement in MMP-9 regulation, Hep3B cells were transfected with siRNA targeting the catalytic (PPP2CA) and scaffold (PPP2R1A) subunits of PP2A and the catalytic subunit of PP1 (PPP1CA). siRNA knockdown reduced basal mRNA expression of PPP2CA, PPP2R1A and PPP1CA by~75% after 24 h compared with the mock-transfected and non-target transfected cells ( Figure 5A ). Knockdown of PPP2CA for 48 h decreased PP2Ac protein abundance by~70% compared with mock and non-template siRNA transfected cells ( Figure 5B ). Silencing
Figure 2
Effect of protein phosphatase inhibitors on MMP-9 (A, B) and TIMP-1 abundance (C, D) and MMP-9 : TIMP-1 ratio (E, F) in Hep3B (A, C, E) and LX-2 (B, D, F) cells. Cells were exposed to OA (40 nmol·L À1 ), tautomycetin (TMC; 10 nmol·L À1 ), cyclosporin A (CSA; 10 nmol·L À1 ) or media (UNTX)
for 24 h, and abundance was determined in conditioned media using ELISA. Data are presented as pg·mL À1 or as a ratio (mean ± SEM; n = 5).
P < 0.05, significantly different as indicated by the horizontal bars; one-way ANOVA with post hoc Dunnett's test.
of PPP2CA increased MMP-9 abundance in conditioned media and increased detectable MMP-9 activity, compared with media from mock-transfected cells ( Figure 5C, D) . In contrast, knockdown of PPP2R1A and PPP1CA for 48 h did not alter detectable MMP-9 activity or abundance ( Figure 5C, D) . Furthermore, knockdown of PPP2CA, PPP2R1A and PPP1CA had no effect on detectable MMP-2 activity as determined by zymography. Transfection with the non-target siRNA had no effect on protein phosphatase subunit expression or MMP-9 activity/abundance.
Effect of CIP2A overexpression on MMP-9 activity, abundance and PP2A activity
To extend the physiological relevance of the OA and siRNA data, we investigated if overexpression of CIP2A, which is an endogenous inhibitor of PP2A, also regulated MMP-9 in Hep3B cells. Transfection of Hep3B cells with a pCIP2A plasmid augmented CIP2A mRNA expression and protein expression ( Figure 6A , B) compared with mock-transfected and empty vector (pDNA.3.1)-transfected cells. CIP2A over-expression increased total MMP-9 abundance and increased detectable MMP-9 activity compared with mock-transfected and pDNA.3.1-transfected cells (Figure 6C, D) . Transfection of Hep3B cells with pDNA.3.1 did not alter CIP2A mRNA expression or total MMP-9 abundance/activity compared with mock-transfected cells ( Figure 6A, C, D) . However, overexpression of CIP2A attenuated PP2A activity by~60% compared with mock-transfected controls ( Figure 6E ).
Effect of OA and CIP2A overexpression on cell invasion
To determine if pharmacological or endogenous inhibition of PP2A is functionally important, a Matrigel transwell cell invasion assay was utilized. Exposure of Hep3B cells to OA (40 nmol·L À1 ) for 24 h augmented cell invasion through Matrigel-coated transwell membranes compared with the untreated control cells (P < 0.05; Figure 7A , C). Similarly, overexpression of CIP2A for 48 h increased cell migration compared with mock-transfected cells (P < 0.05; Figure 7B , D); transfection with the empty plasmid (pDNA.3.1) had no effect.
Discussion
The present study provides evidence that OA increases expression of MMP-9, IL-8 and JUN mRNA in Hep3B, Huh-7 and LX-2 cells but differentially regulates TIMP-1 expression, while tautomycetin and cyclosporin A had no effect at 24 h. Interestingly, in time course experiments, tautomycetin transiently increased MMP-9 mRNA expression, while OA elicited a persistent response. With respect to OA, cell viability was decreased at 48 and 72 h. Furthermore, OA increased MMP-9 and TIMP-1 abundance in Hep3B and Huh-7 cells, while increasing MMP-9 but decreasing TIMP-1 levels in LX-2 cells. As such, the MMP-9 : TIMP-1 ratio was changed towards a degradative phenotype in LX-2 cells. Expressions of other members of the MMP/TIMP/ADAM family and inflammatory/growth factors such as TGFβ1,
Figure 3
Effect of exposure to OA (40 nmol·L À1 ), tautomycetin (TMC; 10 nmol·L À1 ), cyclosporin A (CSA; 10 nmol·L À1 ) and media (UNTX) for 24 h on PP2A activity in Hep3B cells (A) and Huh-7 cells (B) and PP2Ac abundance in both cell lines (C). PP2Ac abundance was determined using Western blot, with β-actin as the loading control. The effect of OA (40 nmol·L À1 ) on Hep3B cell viability was assessed over 72 h using an MTT assay (D). Data are mean ± SEM; n = 5. P < 0.05, significantly different as indicated by the horizontal bars; one-way or two-way ANOVA with post hoc Dunnett's or Bonferroni test.
IL-1β and NFκ-B1 were unaffected by OA, tautomycetin and cyclosporin A. OA exposure did not alter total PP2Ac protein expression in either Hep3B or Huh-7 cell lines. Knockdown of PPP2CA increased MMP-9 activity and abundance, while knockdown of the PP2A scaffolding subunit (PPP2R1A) or the catalytic subunit α of PP1 (PPP1CA) had no effect. At the promoter level, OA-mediated induction of MMP-9 required functional AP-1 but not NF-κB binding motifs. More importantly, overexpression of CIP2A, an endogenous inhibitor of PP2A, increased MMP-9 abundance and activity and increased Hep3B invasiveness across a collagen matrix, as did OA.
Although the ECM provides structural support to cells, it also contributes to fundamental cell behaviour as diverse as cell proliferation, adhesion and migration, to cell differentiation and cell death; in part due to its ability to act as a reservoir for growth factors and cytokines (Meredith et al., 1993; Li et al., 2003; Lu et al., 2012) . It is the pleiotropic nature of the ECM and its dynamic remodelling that makes it an important component of cancer. While numerous studies have investigated kinase dependent regulation of tumour remodelling and invasion (Dhillon et al., 2007; Whale et al., 2011) , there is a paucity of data on the role of serine/threonine protein phosphatases in this regard. This is surprising given the importance of tumour dissemination as an indicator of clinical outcome in HCC and the emergence of protein phosphatases as novel 'druggable' targets (Perrotti and Neviani, 2008) . On the basis of this, we screened key factors associated with ECM synthesis and degradation (Table 1) to ascertain if they are modulated by protein phosphatases in HCC. The work is based upon Hep3B cells, which are widely utilized as an in vitro model of HCC with validation experiments conducted in two further hepatic cell lines, Huh-7 and LX-2.
With regard to the ADAMs, we assessed the effects of pharmacological inhibition of PP2A, PP2B and PP1 on ADAM-10, ADAM-15 and ADAM-17 expressions. These were specifically chosen as their expression is increased in HCC and is associated with tumour metastasis and proliferation. Our data clearly demonstrate that OA, tautomycetin and cyclosporin A do not alter expression of ADAM-10, À15 or À17 in Hep3B or LX-2 cells. While there is little to compare this to in the literature, a recent study reports OA to increase ADAM-10 mRNA expression in neuronal cells from rat (Latta and Golding, 2012) .
In addition to the above, inflammation also plays its role in shaping the ECM in the tumour micro-environment. For example, in patients with HCC, serum levels of IL-1β and IL-8 are elevated and associated with poor prognosis (Ren et al., 2003) . However, we report that IL-1β expression is not affected by OA, cyclosporin A or tautomycetin in either Hep3B or LX-2 cells. This is consistent with OA having little to no effect on IL-1β expression in THP-1 cells. Although this is at variance to other studies demonstrating OA to increase IL-1β expression in rat astrocytes (Pshenichkin and Wise, 1997 ) and enhancement of phorbol-12-myristate-13-acetate
Figure 4
Effect of mutation of the AP-1 and NF-κB binding motifs on MMP-9 promoter activity under basal conditions (A) and following exposure to OA for 24 h (40 nmol·L À1 , B). A diagrammatic representation of the MMP-9 promoter region detailing the location of the mutated binding motifs is presented (C). Hep3B cells were transfected with p1285-luc, p1285-luc AP-1 (À79) , p1285-luc AP-1 (À533) and p1285-luc NF-κB (À600) promoter constructs, and luciferase activity was determined in cell lysates. Basal promoter activity for each mutant was normalized to the p1285 construct, and their effect on the OA response was expressed as a change from the p1285-luc construct under unstimulated conditions. Data are presented as mean ± SEM; n = 7-9. P < 0.05, significantly different as indicated by the horizontal bars; one-way ANOVA with post hoc Dunnett's or Bonferroni analysis, as appropriate.
(PMA)-induced IL-1β expression in THP-1 monocytes (Shanley et al., 2001) . Our data are also in disagreement with studies reporting cyclosporin A to decrease IL-1β expression in transplanted islets of Langerhans and in a brain injury model in rats (Gurol et al., 2005; Qian et al., 2010) . However, the concentration used in our study is well below the therapeutic levels used in the above studies and is therefore more likely to selectively inhibit PP2B. Interestingly, in the present study, inhibition of PP2A by OA increased IL-8 expression in Hep3B, Huh-7 and LX-2 cells. This supports and extends previous studies in human lung epithelial and human promyelocytic leukaemia cells (Sonoda et al., 1997; Cornell et al., 2009) . However, pharmacological inhibition of PP2B and PP1 had no effect, despite previous studies showing cyclosporin A to attenuate PMA-induced IL-8 expression through functional NF-κB and AP-1 sites on the IL-8 promoter (Sonoda et al., 1997) ; Wakabayashi et al. (2004) in human glioblastoma cells.
With regard to the matrix metalloproteinase system, pharmacological inhibition of PP2A (OA) increased TIMP-1 expression in Hep3B and Huh-7 cells while decreasing it in LX-2 hepatic stellate cells. This is likely to reflect cell line differences as OA increases TIMP-1 mRNA expression in HT-1080 fibrosarcoma cells (Westermarck et al., 1997) , while PPP2CA siRNA knockdown decreases it in human HA22T HCC cells (Dung et al., 2013) . In the current study, we did not find any evidence that pharmacological inhibition of PP2B (cyclosporin A) and PP1 (tautomycetin) altered TIMP-1 expression in the cell lines used. While there is no published literature on tautomycetin regulating TIMP-1, there are conflicting data with regard to cyclosporin A. For example, cyclosporin A decreased TIMP-1 mRNA but not protein expression in gingival fibroblasts (Hyland et al., 2003) but increased it in MRC-5 fibroblasts and HK-2 renal tubular epithelial cells (Esposito et al., 2000) . However, these studies are limited in that the concentrations of cyclosporin A used are well above that associated with selective inhibition of PP2B (65 nmol·L À1 ) (Groblewski et al., 1994) . Furthermore, we are the first to report that pharmacological inhibition of PP2A, PP2B and PP1 did not affect TIMP-2, -3 or -4 expression in our cell lines, although silencing of CIP2A increased TIMP-4 mRNA expression in MCF-7 cells (Niemela et al., 2012) . When we investigated the effect of OA, cyclosporin A and tautomycetin on MMP expression, we found that expression of MMP-1, -2, -3 and -13 in Hep3B and LX-2 hepatic stellate cells was unaltered. In contrast, OA increases MMP-1 promoter activity in murine and human fibroblasts (Westermarck et al., 1994; Westermarck et al., 1997) , MMP-2 expression and mRNA stability in U937 cells exposed to amsacrine (Liu et al., 2014) , MMP-3 in HT1080 cells (Westermarck et al., 1994) and MMP-13 in murine fibroblasts (Westermarck et al., 2000) . The reported literature is less consistent with regard to cyclosporin A as it decreases MMP-1 in human gingival fibroblasts but increases it in HUVEC cells (Hyland et al., 2003; Ha and Mun, 2012) . In the present study, tautomycetin did not alter expression of Figure 5 Effect of silencing the PP2A catalytic subunit (PPP2CA), PP2A regulatory subunit (PPP2R1) and PP1 catalytic subunit (PPP1CA) on (A) subunit mRNA expression under basal conditions, (B) PP2Ac protein abundance, (C) detectable MMP-9 abundance and (D) MMP-9 activity. Data are presented as a normalized ratio, a percentage of mock-transfected cells or in pg·mL À1 (mean ± SEM; n = 5). P < 0.05 significantly different as indicated by the horizontal bars; one-way ANOVA with post hoc analysis (Bonferroni).
MMP-1, -2, -3 or -13 in either Hep3B or LX-2 hepatic stellate cells. While this has not been assessed before, activation of PP1 decreases MMP-1 expression in fibroblasts (Westermarck et al., 2001) . With regard to MMP-9, the story is quite different. As previously reported by our group (Rietz et al., 2012) , OA increases MMP-9 expression and activity in murine fibroblasts. We have extended previous work to show that tautomycetin and cyclosporin A do not affect MMP-9 expression or abundance in either cell line. Although, when the temporal response was investigated, tautomycetin elicited a rapid but transient increase in MMP-9 expression, indicating that PP1 may be involved; OA produced a sustained response. The transient effect of tautomycetin may be an 'off target' response, as knockdown of the α catalytic subunit of PP1 did not alter MMP-9 activity or abundance. However, we cannot rule out the involvement of other PP1 catalytic subunits (PPP1CB and PPP1CC (Cohen, 2002) ). In contrast, we have shown PPP2CA knockdown to increase MMP-9 activity and abundance in Hep3B cells supporting data from HA22T cells (Dung et al., 2013) but is at variance to our earlier study in murine fibroblasts (Rietz et al., 2012) . The latter may simply reflect species differences or regulation via other PP2A subunits. While this was not investigated in our earlier paper, we show that knockdown of the PPP2R1A scaffolding subunit of PP2A is not involved in regulating MMP-9 in Hep3B cells.
The MMP-9 promoter contains several transcription factor binding sites including AP-1 sites and one NF-κB site (Westermarck and Kahari, 1999) . Mutation of the proximal AP-1 (À79) site or NF-κB (À600) attenuated basal MMP-9 promoter activity indicating the importance of these motifs in maintaining constitutive activity of the MMP-9 promoter. Indeed, mutation of the proximal AP-1 (À79) site in HIG-82
Figure 6
Effect of CIP2A overexpression on (A) CIP2A mRNA expression, (B) CIP2A protein abundance, (C) total MMP-9 abundance, (D) MMP-9 activity (representative zymogram) and (E) PP2A activity in Hep3B cells. Hep 3B cells were transfected with pcDNA3.1_CIP2aflag_WT plasmid and analysed for CIP2A expression, MMP-9 abundance/activity and PP2A activity at 48 h. Data are presented as a normalized ratio/percentage of the mock-transfected cells or as pg·mL À1 (mean ± SEM; n = 5-7).
cells diminished basal MMP-9 promoter activity (Ray et al., 2005) . Moreover, mutation of the proximal AP-1 (À79) and distal AP-1 (À533) binding site indicating that they are required for activation of the p1285-luc promoter by OA in Hep3B cells, while the NF-κB motif is not. Previous studies have shown OA to enhance expression of JunB and transactivation of AP-1 complexes containing c-Jun and JunB to regulate MMPs (Westermarck et al., 1994; Rietz et al., 2012) . While SET inhibits PP2A activity through interactions with the catalytic subunit (Irie et al., 2012) , the precise interaction between CIP2A and PP2A remains to be determined as no crystal structure yet exist. Data from immunoprecipitation experiments indicates that CIP2A interacts with the scaffold (PP2Aa; R65) subunit of PP2A (Junttila et al., 2007) . Although overexpression of SET decreases MMP-9 mRNA expression in neck squamous cell carcinoma (Sobral et al., 2014) , we found that overexpression of CIP2A increases MMP-9 activity and abundance in Hep3B cells. This was associated with decreased PP2A activity and increased invasiveness of Hep3B cells across a Matrigel membrane; an effect mimicked by OA and silencing of the PP2A catalytic subunit. This is consistent with overexpression of CIP2A promoting cell invasion in lung adenocarcinoma (Sung et al., 2013) , and silencing CIP2A decreasing MMP-9 mRNA in osteosarcoma cells (Zhai et al., 2014) . Importantly, the increase in cell invasiveness in the present study is likely due to MMP-9 rather than MMP-1-, MMP-2-, MMP-3-and MMP-13-mediated degradation of collagen type IV in the Matrigel basement membrane, as their expression was unaltered. Clinically, our data may in part explain why increased expression of CIP2A in many cancers including HCC is associated with increased tumour aggressiveness and poor prognosis (He et al., 2012; Yu et al., 2014) .
In conclusion, an OA-mediated reduction in PP2A activity increased MMP-9 activity and expression in Hep3B cells. This was mediated through the PP2A catalytic (PPP2CA) subunit independent of the PPP2R1A scaffolding subunit and required functional AP-1 binding motifs on the MMP-9 promoter. The pharmacological effects of OA were mimicked by both siRNA knockdown of PPP2CA but not PPP1CA and by overexpression of CIP2A, an endogenous inhibitor of PP2A. This study directly links the loss of PP2A activity with an increase in cell invasion and ECM remodelling, with MMP-9 being the predominant driving force. Our study indicates that other members of the MMP and ADAM family were not affected by pharmacological inhibition of PP2A, PP1 or PP2B. Interestingly, reduced phosphatase activity did not alter TGF-β or IL-1β, both of which are key in driving the inflammatory aspect of ECM remodelling. Other factors that influence tumour ECM remodelling such as the pro-inflammatory chemokine IL-8 and TIMP-1 may too have a role to play in aiding MMP-9-mediated remodelling in Hep3B cells. The functional consequences of PP2A inhibition resulting in an increase in MMP-9 highlight the role of PP2A in promoting HCC invasion through extracellular remodelling.
Figure 7
Effect of OA (A, C) and CIP2A (B, D) on Hep3B cell invasion across a Matrigel-coated transwell membrane. Cells were exposed to OA (40 nmol·L À1 )
or transfected with a CIP2A expressing plasmid and images captured on a Cell Imaging System (EVOS® FL). Media (UNTX) and empty vector (pDNA.3.1) were included as controls. Image analysis was preformed using ImageJ software. Data (mean ± SEM; n = 5) are presented normalized to either the untreated (UNTX) or pDNA.3.1 transfected groups. P < 0.05 significantly different as indicated by the horizontal bars; paired Student's t-test or one-way ANOVA with post hoc analysis (Bonferroni), as appropriate. Representative images of Hep3B cell migration across the transwell inserts are inset (A, B).
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